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METHODS AND APPARATUS FOR EFFECTUATING A LASTING CHANGE 
IN A NEURAL-FUNCTION OF A PATIENT 



CROSS-REFERENCE TO RELATED APPLICATION(S) 

[ooou This application claims the benefit of U.S. Application No. 60/325,872 

filed on September 28, 2001, and is a continuation-in-part of U.S. Application 
No. 09/802,808, filed on March 8, 2001, which claims the benefit of U.S. 
Provisional Application No. 60/217,981, filed July 31, 2000; both of which are 
incorporated by reference herein in their entirety. 

TECHNICAL FIELD 

[0002] Several embodiments of methods and apparatus in accordance with 

the invention are related to electrically stimulating a region in the cortex or 
other area of the brain to bring about a lasting change in a physiological 
function and/or a mental process of a patient. 

BACKGROUND 

A wide variety of mental and physical processes are known to be 
controlled or are influenced by neural activity in particular regions of the brain. 
In some areas of the brain, such as in the sensory or motor cortices, the 
organization of the brain resembles a map of the human body; this is referred 
to as the "somatotopic organization of the brain." There are several other 
areas of the brain that appear to have distinct functions that are located in 
specific regions of the brain in most individuals. For example, areas of the 
occipital lobes relate to vision, regions of the left inferior frontal lobes relate to 
language in the majority of people, and regions of the cerebral cortex appear 
to be consistently involved with conscious awareness, memory, and intellect. 
This type of location-specific functional organization of the brain, in which 
discrete locations of the brain are statistically likely to control particular mental 
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or Physica, f^ „ norma , . 
functional organization of the brain.- 
■«1 Many problems or abnormafcs with tody funcbons can be caused bv 

damage, disease andfor disorders of tna brain. A sbo.ce. for « Tone 
7 ~ """" ' ha ' - »<* SboKes are e ra 

-xrr; r:::iTror o,asp ^' B9tofl 

fnnrtion , OSS or ,m P a "™ent of a neural 

fcnc*o„ <e.g.. neura, tuncbons ratated ,o face musctos. limbs, speech etc , 

1 I T 9 ° f 8n0,her ^ Part ' F » — «*"» 

recover tha, occura naturaiiy withou, tendon. One existing physica, 
^erapy technigue for traadng 8tr0ke paoents agHMn „ 9 P J - 

^ pad of the paben, to foree the parent to use the JZ 
oTerlb ' 1088 ° ,USe0,a " mb iS — * ~»9 rae 

r u9h * *- ° f physicai — » - ^ 

expenrnemai efficacy. < is expensive, time^nsuming and Wle-used. stroke 
patents ate0 b9 ^ us , ng ^ ^ 

air ;• some of ^ "* as « 

a^vabon of neurons in genera,, appear to enhance neura, nefwodrs; these 
^however, have , Wt ed efficacy because they are very ^ 

utreCJy at the arte where they are needed. Therefore, there is a need to 
eveiop effecbve fof ^ ^ 

have other types of brain damage. 
S Other brain disorders and diseases are also difficult to tree, 

:?; me ' S * ~ * *-n to affec porbons o, the oT 

fte cortex ,s no, fc„y understood. Similedy. tne „ eura , ^ 
orders <e.g„ depression and obsess,e«ompu,sive behavlor) , ^ 
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fully understood. Therefore, there is also a need to develop more effective 
treatments for other brain disorders and diseases. 

The neural activity in the brain can be influenced by electrical energy 
that is supplied from an external source outside of the body. Various neural 
functions can thus be promoted or disrupted by applying an electrical current 
to the cortex or other region of the brain. As a result, the quest for treating 
damage, disease and disorders in the brain have led to research directed 
toward using electricity or magnetism to control brain functions. 
[0007] One type of treatment is transcranial electrical stimulation (TES), which 

involves placing an electrode on the exterior of the scalp and delivering an 
electrical current to the brain through the scalp and skull. Patents directed to 
TES include: U.S. Patent No. 5,540,736 issued to Haimovich et al. (for 
providing analgesia); U.S. Patent No. 4,140,133 issued to Katrubin et al. (for 
providing anesthesia); U.S. Patent No. 4,646,744 issued to Capel (for treating 
drug addiction, appetite disorders, stress, insomnia and pain); and U.S. 
Patent No. 4,844,075 issued to Liss et al. (for treating pain and motor 
dysfunction associated with cerebral palsy). TES, however, is not widely 
used because the patients experience a great amount of pain and the 
electrical field is difficult to direct or focus accurately. 
[0008] Another type of treatment is transcranial magnetic stimulation (TMS), 

which involves producing a high-powered magnetic field adjacent to the 
exterior of the scalp over an area of the cortex. TMS does not cause the 
painful side effects of TES. Since 1985, TMS has been used primarily for 
research purposes in brain-mapping endeavors. Recently, however, potential 
therapeutic applications have been proposed primarily for the treatment of 
depression. A small number of clinical trials have found TMS to be effective 
in treating depression when used to stimulate the left prefrontal cortex. 
[0009] The TMS treatment of a few other patient groups have been studied 

with promising results, such as patients with Parkinson's disease and 
hereditary spinocerebellar degeneration. Patents and published patent 
applications directed to TMS include: published international patent 
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rrtr 98/06342 * ^ « 

No. 6 885.976 issued ,o Sandy* (describing ,he use of transcranial magneto 
'° - a - — « adegedly related to de^* 

u e s P r n ,:T smiss,on and ,n,paired pinea ' me,a,0ni " ■"*"»* « 
o f ir ^ to Schuri9 et ai - *«— - — 

of neurolog.ca, d,sorders (such as autism,, treatment of leaning disables, 
and augmentation of mentai and physical abilities of -nonpar people by a 
of transom magna, s U m„,a Uo „ and peripbe.1 elecbtea, 

W..I independent studies have a,so demonstrated that TMS is able to 

P-oduce a lasting change in neural activity with,, the cortex that occurs for a 
penod of time after terminating the TMS treatment Cneuroplasticity) For 
example. Ziemann et a... Modufeftv, of RasrMy in Hu ma n Motor Cortex after 
ftnaam, fechen* /verve Block. 18 J Neuroscience 1„ 5 (February 1998, 
dtscloae «ha, TMS at subthreshold levels (e.g.. levels a, which movement was 
not induced) in neuro-block models that mimic amputation was able to modify 
toe lasting changes in neura. activity tha, nonneily accompany amputation. 
S^lany. Pascual-Leone et al. (submifted for publication, disclose that 
applytng TMS over the contralateral motor cortex in normal subjects who 
underwent immunization o, a hand in a cast for 5 days can prevent the 
decreased motor cortex excitability normally associated with immobfeation 
Other researchers have proposed tha. the ability of TMS to produce desired 
changes in oortex may someday be harnessed to enhance neuro- 

"7*" a " er 3 bra '" "*"* ^ 88 ^ but *- - "O published 
studies to date. 

Other publications related to TMS include Cohen et al.. Studies of 
Neutopteawy Wto rranscran/a/ Magnet* SWafibn, 15 J ciin 
Neurophyeiol. 305 ,1998k Pascua.-Leone e, a... TranSmM Magnet* 
Shrnu^n and A/auropiaaWy. 37 Neuropsychology 207 (1999); Stefan et 
al.. Auction ofPfcsMy in tne Humap Motor Cortex oy mm „ssoc/ahVe 
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-epeM TC TMS of fto Motor Cortex, 54 Neurology 956 (Feb 2000V 

s^p^ w « C|in Neurophysfo|w » 

Although TMS appears ,o be able to produce . ^ . . 
*** *■*» ™°> — ft. exlsbng delivery sye ems al 

treatmente to be performed by a heelthcere profeS s,onal ln a hospita| or 

~n ,„ a reproduce «„. (b) ^ ^ 9 

pos .ton over the crantom for . , ong perjod . ^ 

or unng renabHitation , and „ ^ stjmu|atk)n ^ P - 

«-e (e*. more then severe, seconds). Further, cunen, J ^ 

znr not ^ ,ocus ,he ete *° ma9n * «» o„ , he zz 

ZTo ™f ^ M "* ,he « '"orapeuxo 

benefit of TMS using existing equipment is relatively limited 

has a, T ^ indireCt e ' e0WCal ° f «» "orvous system 

has *, been p rop0 sed to M . varfety of dlsonJere an<j * « 

example. U.S. Patent No . 5 , 938 , 688 issued „ ^ ~ * 

Phenomenon of „eu ro ,a*ity may be harnessed and enhanced" 

"* ' mP,an ' iS *-«»- '° '-ease the level o, arousa, of a matost 

KIT? de6P ^ — ^ * oonsctousnlrTd: 
.h, . Schrtfs invention involves elecbically seating a, leas, a portion of the 
Pahents inhelamlnar nuclei ,e.. the deep brain, using, e.,. an ImZl 
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multipolar eieobode and etther an 
n^uency conaoiied puls8 generator . ^ 

1~. — - — sertous colons t 



patient. 

[0014] 



[0016] 



abiiav Ik' 6 '° 86 ' 163 ^ 10 J0hn —«*«*» the 

-*r of ft. brein to roe rcome seme of ,he result ef an injury Lugh 

neuropiasMy. John aiso ces a series of artfcies as ev^ L ^ 
*cM e,imu,a.ion of .he brain ca,, revarM the ^ ofatra(J J ^ 
o s.ro e on .he ,eve, o, consefcusness. The system dfeciosed in John 
st.mufe.es ,he pa«en, an. modify fhe parameters of Nation base. Z 

an eC™ T^"" 9 "** — «* * « >" 

an effort to opbm E e me resuits. We SehW. however, me invent disCosed 

m John ,s daeoted to a Nghfy invasive deep brain station system 

in tt <5 A "7 e ' deVice,OT — "9 * «9ion of.be brain is disposed by King 
U.S. Patent No. 5,713. 922 . King disposes a device for cortical s rfal 
~n h ing electrodes ^ on a ^ impten(ed ^ -» 

Id ST r teC,rodeS ' mP,an,ed ° n - "*» °< «» ** * « 

etecto*,, puises are generated by a pulse generator ma. is Ranted in .he 
Pa e„. remotefy fem „, cranium ^ P *. 

pulse generator is no, direccy eonnectod to .he eleottodes. bu« rather » is 
famoteiy ,mp,an.ed putee generator to me eiecbodes impiamed in 1 

s~ d d" 6 r dfecteed in K,n9 -* from - — • — £ 

SM,. and down me neoK to me subdavicuiar iooabon of .he pu.se generator. 

K,ng dieses impiaming me electrodes ,„ ^ 
he oortex to create paresthesia, whtoh fe a sensation of vibration or -buzang 

Lash , ^ dfeC,0SeS P— * <a » 

«- by appiymg eiaobica. etonuhrtton to a higher efemen. of ,he can,! 

nervous sys.em <e.g.. me cortex,. As such. K i„ g disoioses piacing .he 
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parestheaa. The p ul pos e of creating paresthesia over a body region Is to 
Thus. King appearc ,o reguire s Umu ,a to n above acbvabon 

«- surface. M devfce is expected to have seve ra , drawback. Z 
- ens,™ an, t , m e-consu m ,ng t0 imp|am „, ^ 

•he pabent. Second. , appears tha, the elecbodes are heid a, a Z 
etevabon « does no, compensate tor anatomical changes h the hap^f 
••tan relabve to ft. 8ku „. which maxes . difficui, to accurate* plan 

ST ^ ,0 3 «— * of the cortex in a tol d 

spot* manner. Third. King disposes direcby acbvabng ft. neurons to 

in the stlmulated fetMkn rf neurons ^ o(her * 

22 :r r ' such as physta " w -~~ -g : 

expected to have several drawbacks. 
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K,n9 a " d ,he — ' foregoing references are also expected to have 
-baoKs in producing the desi^d neu ra , ^use Ze reJZ 

he D h , X "" '° r69i0n * - b * - " — bl to 

zssi rv mente ' process 10 - -— ^ 

nl Wi,h ' he «*- ■*-*** funcbon or 

T" P,OCeSS ma " n0t to —on therapies. Thus existing 

BRIEF DESCRIPTION OF THE DRAWINGS 

100191 R 9 ure 1 A is * schematic view of neurons 

with nolTn ^ ? 3 9faPh l,,UStratinS finn9 " " aCtl ° n «~ associated 
witn normal neural activity. 
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«<> R 9 ure 1C , s a flowchart of . ^ for neural 

of a patient associated with a iocation in the b ra r„ , ' n6Ura| - ,u " c "°'' 
ambodimentof the invention. " aCC0,danCe ** ° TO 

,„ a « r e g ,o„ of „. braln ^ J neural 

P^'^ingtothesomatotopicorgan^ationofthebrain 

of nearer L" 3 ^ '' ma9a ° f 3 P °*"° n * - — • • *>ss 
sloe 7 " ^ ** """**"*» - •» Pa«en, used in one 
stegeoante^odinaocon.ance^anentbodintentoftheinvent.n. 

,n 10 J T' 8a,OPPlanin,a9e0,,hebra,n0 ' R ^3showingachange 
o, the neural activity associated wKh the „eu raMu „l n of 2 

rir* er ste9e - a ^ m — - - ~— 5 

« Figures 4A-4C are flow charts iflus^ng venous embodimenfs of 

:~ r— used * —- - - — - — . - 

■-el Ffcure 4D is a schematic illustraflon of a system for canying out fee 

d.agnost.0 and stimuiation procedures of Rgun3s 4B and 4C 
W Ffcure 4E is a flow chart iiiustrating another embodiment of a method 

in accordance with the invention. 

Figures 5A and 5B are schematic illusions of an impiantino 
j= re a, a stage of a method in accordance * an «JJ 

w«h s^ld? a ? raph m °™" 9 firin9 an " a * n " 

acc„ w R9Ure ? a " iSOma,rlC *" ° f a " implantable s «™' a «on apparatus In 
accordance with one embodiment of the invention. 

Figure 7 is a cmss-sectiona, view schematically illustrating a part of an 

implantable stimulation apparatus in a<- m ^= pan or an 

invention. accordance wrth an embodiment of the 
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10032] Figure 8 is a schematic illustration of a pulse system in accordance 

with one embodiment of the invention. 
[0033] Figures is a schematic illustration of an implanted stimulation 

apparatus and an external controller in accordance with an embodiment of 

the invention. 

10034] Figure 10 is a schematic illustration of an implantable stimulation 

apparatus having a pulse system and an external controller in accordance 

with another embodiment of the invention. 
10035] Figure 11 is a cross-sectional view schematically illustrating a part of 

an implantable stimulation apparatus in accordance with an embodiment of 

the invention. 

loose] Figure 12 is a schematic illustration of an implantable stimulation 

apparatus having a pulse system and an external controller in accordance 

with another embodiment of the invention. 
10037] Figure 13 is a cross-sectional view schematically illustrating a part of 

an implantable stimulation apparatus having a pulse system and an external 

controller in accordance with another embodiment of the invention. 
[0038] Figure 14 is a bottom plan view and Figure 15 is a cross-sectional view 

illustrating an electrode configuration for an implantable stimulation apparatus 

in accordance with an embodiment of the invention. 
[0039] Figure 1 6 is a bottom plan view and Figure 1 7 is a cross-sectional view 

of an electrode configuration for an implantable stimulation apparatus in 

accordance with another embodiment of the invention. 
[0040] Figure 18 is a bottom plan view and Figure 19 is a cross-sectional view 

of an electrode configuration in accordance with yet another embodiment of 

the invention. 

[0041] Figure 20 is a bottom plan view of an electrode configuration for an 

implantable stimulation device in accordance with yet another embodiment of 
the invention. 
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,0M31 --J^si* view - anotter — - - - 
-^^iir ,ns e,6mem in a — - « 
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100531 "r^^^^^'^^-BaterdeWlapoto 
of the rmplantable stimulabon apparatus of Figure 32 

*»* Figure 34 is a cross-secional view schematically illustrahng a portion 
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of an .mplantable sUmulatton apparatus ^ ^ ^ 
accordance with another embodiment of the invention. 

Figure 35 is a cross-sectional view schematically illustrating a portion 
of an .mplantable stimulation apparatus and an externa, controller in 
accordance with yet another embodiment of the invention. 

Figure 36 is a cross-sectional view schematically illustrating a portion 
of an .mplantable sbmuiabon apparatus in accordance with y et another 
embodiment of the invention. 

iiius, J'""™ 37 * " IS ° metri0 VfeW Fi9Ure 38 fe a «■«* view 

•llustrabng an .mplantable stimulation apparatus in accordance w«h an 

embodiment of the invention. 

stimulalr 39 fe " CroSS - SeC,i0nal vfew «"»^ 8 an implantabie 
strmu a,on apparatus in accordance with ye. another embodiraen, of the 
invention. 

apparaair * ! ' " " s «™'*n 

apparatus in accordance with an embodiment of the invention. 

DETAILED DESCRIPTION 

intrac ^.T^ "■"*" ™ th0dS «" * 

racranra, eieCrtca, stimulation ,o treat or otherwise effect a change in 

°' 3 P ~ nt Several emb <~ - -mod! ,n 
acconiance w«h the invention are directed fcwarf enhancing or o.ha W ise 

?7 l . neU,0pla * i, >' * a particular neural-tuncbon 

Neunoplasbcrty rafera « 0 „ aW% of ^ bral „ „ ^ or 

ncLT T bra ' nS ^ ^ ' hard — «- 
fcncbonany s,g„,„can. neura, ne^odts could no, change signify over 

ii nirrr r " has bacome inorea5in9iy ~ - 

these neura, networks can change and adap, over fme so tha, meaning, 
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fu„*„ can be regalned h response „, ^ 

°' m8,h0dS *°™>™° «* "vanuon ,s t0 pJTt 
aP ~ «»~ «* neuroplasMy. These appra^^ 

~- ,o cause or enabie increased synchrony of JLZ£Z 
populations of neurons in a network. 
*m BacmcaPy enhanced or induced neural stimulation in accordance^ 

severe, embodiments of me invent e««es a portion of a neural 
-oived in a funcUoneiiy signKcan, task such tha, a seiected Z I ^ 
" ^ ^ — - •* <Ha. netwrtc Because 

«leam,ng. the changes ere more likely to be lasting because thev era 
»nbnua»y being reinforced by nafcra echanisL 

2T7 aCC0K,anCe "* SSVeral * - '~ -sures 

the, me seated population of neurons .inks ,o o«her neomneTI 
funcbonal network. It is exeected rh,. ,ki 

ara no, anally caused ^ ^ b " ,u — ~" 

uany caused by the simulation, but rather are caused bv 
■ntoracbons wHh outer neurons in the network. Severe, aspeToTthl 
**- *—» * — — w*h selected enl^nt: 1 

bra,„ d?le T aC0Or ° anCe inV8n,i0n »" «» — *» *- 

ate). The ntethods ,n accedence win, the inventton oen also be used to 

enhance functions of normal, heelthy brains fa » ,„ • 

♦~ , . lMy Dra,n s (e.g., learning, memorv etc > nr 

to control sensory functions (e.g., pain). 

" elec- T 8 " 1 emb0<limente °' ,TO,h0d8 "«*»• "«h me invention 
elecmcaiiy sbmulate me brain « a s,mu,e»on site where neurop, 

-rang. Tne stimuletion s„e may be different than me ragkm t brain 

atlTtlT is * ptea% present ,o - 

accordtng t0 the functaa, organs of me brain. In one embodiment in 
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which neuroplasticity related to the neural fun,*™ 
method can include identifyino Z ° T ^ " the 
Present. This particular Priced ^ " euro P'-«city is 

neura, activity ~ t e ^ """^ ^ * * - 

m an alternate eZ d " " *" ^ Action. 

-am, an :::: r. : wh ? neurop,astic,ty ,s - ^ - 

expected to occu H T^** at 3 St ' mU ' atjon * where t is 
embodiments of these rrvtol ^ fUnCtl0n ' Several 

u nd e retendin ;:zrzr t Fi9ures ,a ^° to provk,e * 

Iy ' seve ral embodiments of method* in ^ 

«„ the art undere(and <° MO. A pereo „ 

addifcnal embodiments ore, ,1 ' inVen,ion ha «> 



A. 



1 ggg 222 ^^^ 
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^ (e.g., tame t, m F.gure 1B). The neurons 



-13- 



WO 03/026739 

PCT/US02/31128 

an ^ * ^ at time tsCauses "euron N2 to "fire" 

an action potential because the input exceeds th* ,h M 

generating the action potential Th/ Jr ^ ^ f ° r 

~~.rrr.rr. 

sensory function (e.g., movement of a limb) that k n^o.. 

neural activity at a "norm*.- . a " y associated with 

organs Jn!fl b " ^ h a ~ to th * Actional 

it™™ ~=r.=r: 
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the diagnosto procedure 102 includes generating the intended neural acUvtty 
- the brain from a -peripheral- locaton M - B remote ^ ^ ^ 
locator,, and then determining where the intended neural activity Is actually 
present in the brain, in an alternative embodiment, the diagnostic procedure 
102 can be performed by identifying a stimulation site where neural activity 
has changed in response to a change In tee neural-tendon. The method 100 
continues with an implanting procedure 104 involving positoning firs, and 
second elecfrodes at the identified stimulation site, and a stimufatog 
procedure 106 involving applying an electrical current between tee first and 
second electrodes. Many embodiments of tee implanting procedure 104 
posrton two or more electrodes at tee stimulation site, but other embodiments 
of tee implanting procedure involve positioning only one electrode at the 
stimulation site and another electrode remotely from the stimulation site As 
such, the Implanting procedure 104 of the method 100 can include implanting 
et leas, one elecfrode at Ihe stimulation site. The procedures 102-106 are 
descnbed in greater detail below. 

Figures 2-1 illustrate an embodiment of the diagnostic procedure 102 
The diagnostic precede 102 can be used to determine the region of tee 
bra,n where stimulation will likely effectuate tee desired function, such as 
rehabilitating a loss of a neural-tencUon caused by a stroke, trauma, disease 
or other circumstance. Figure 2. more specifically, is an image of a normal 
healthy brain 200 having a firs, region 2,0 where tee Intended neural achvity 
occurs to efrectoate a specific neural-functon in accordance wite tee 
tenCiona, organization o, tee brain. For example, tee neural acfivity |„ me 
firs, region 210 shown in Figure 2 is generally associated wite tee movemen, 
of a patient's fingers. The firs, region 210 can have a hlgh-intensity area 212 
and a Imv-intensily area 214 in which different levels of neural activity occur 
It ,s no, necessary to obtein an image of tee neural activity i„ , he firet regk)n 
2,0 shown in Figure 2 to cany out the diagnostic procedure 102. bu, rather I, 
,s proved to show an example o, neural acfivity tea, typically occurs a, a 
normal location- according to tee functional organization oftee brain 200 for 
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alarge p.me ntage 0 f peop,e with TOm ,al brain luncfion. „ w», be appraciated 

™* The neura, acfiv»y ,„ ft. Bret regbn 21 „, ^ ^ be 

a* ,ca applicafion. ft. diagnosfic p,^ 102 ^ „ y an 

*-» fte tended neura, actMy associated w«h lhe pedicular neura, 
fiincuon c, ,„ terest is matv a , „, ^ of ^ bra . n 2ofl ^ ^ 

occurs according t0 ft. functtonal - ^ ^ * 

•mage of ft. brain 200 after „. ^ ^ m ^ ^ ^ 

" ^ MUSe »- *° -»"» Ffcure 3. fte neura, acfivny 
M «W ed ft. houra,^ for moving the flngers n0 , ong8r J 
ha firs reglon 210 . The fat ^ 21Q js (hus inacfire . ^ fe 

to result ,„ a corresponding ,oss of fte movement and/or sensation in the 
filets. In soma instances, the damage ,0 the bra in 200 may rasui, in only a 
parfia, toes of the neural activity In me damaged region. ,„ e «her case, me 
■mage .shown In Figure 3 establishes that .he loss of the neural-funcfion ia 
related .0 the diminished neura, .cavity In ma fa*, region 210. The brain 200 
may acoorting.y reoru „ other TOUrons „ ^ ^ 

affected neuraMunc,™ (,.e., neu ro p,as«c«y,. orthe neural activity may no. be 
present at any location in the brain. 

Figure 4 is an image of .he brain 200 illustrating a plural«y of potential 
sfimula on sites 220 and 230 for effectuating ft. neural-fcncfion ,ha< was 
ongmafiy performed in ft. fi ret ^ 210 8h0 wn in Figure 2. Figures 3 and 4 
show an example of neuroptasfici* in which ,he brain compensates for a loss 

btT. ^ re9i0 " ° ,,he bra ' n by ^ -*~ - 

bra,n .0 pertdm, neura, acfivily for canying „ ut lhe affected 
The d,agnos«c procedure 102 utilize, the neuraplasacity mat occur* in .he 
bra,n ,0 idenfifiy fte iocafion of a sfimulafion site fta, is expected ,0 be mo re 

zrr ,o ,he res * o,an *** ma9n *' 

and/or phamraceutica, Pro cedu re ft effecftate fte desired neu ra Mu„cion 
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loon] one embodiment of the diagnostic procedure 102 involves generating 

the mtended neural activity remotely from the first region 210 of the brain and 
then detecting or sensing the location in the brain where the intended neural 
activity has been generated. The intended neural activity can be generated 
by applying an input that causes a signal to be sent to the brain. For 
example, in the case of a patient that has lost the use of a limb, the affected 
limb is moved and/or stimulated while the brain is scanned using a known 
imaging technique that can detect neural activity (e.g., functional MRI 
positron emission tomography, etc.). In one specific embodiment, the 
affected limb can be moved by a practitioner or the patient, stimulated by 
sensory tests (e.g., pricking), or subject to peripheral electrical stimulation 
The movement/stimulation of the affected limb produces a peripheral neural 
s.gnal from the limb that is expected to generate a response neural activity in 
the brain. The location in the brain where this response neural activity is 
present can be identified using the imaging technique. Figure 4, for example, 
can be created by moving the affected fingers and then noting where neural 
activity occurs in response to the peripheral stimulus. By peripherally 
generating the intended neural activity, this embodiment may accurately 
identify where the brain has recruited matter (i.e., sites 220 and 230) to 
perform the intended neural activity associated with the neural-function. 

Several particular embodiments for peripherally generating the 
intended neural activity are expected to be useful for therapies that involve 
patients who have lost volitional control of a body part. Volitional movement 
of a body part involves several parts of the cortex. For example, the 
prefrontal cortex is where the decision to move the body part occurs, the pre- 
motor cortex then generates the particular instructions for performing the 
movement, and the motor cortex then uses these instructions to send the 
appropriate electrical pulses to the body part via the spinal cord. The loss of 
volitional movement of a body part is usually caused by damage to the motor 
cortex. The following embodiments for generating the intended neural activity 
locate the site on the cortex where the brain is recruiting neurons related to 
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::;n:r impaired - - -* - ~- * 

Figure 4A is a ftow chart of one embodimen, of fte diagnosftc 
~ 102 <*« 1C > * -** 'He inlended neura, acftvfty s 1^ 
P nphere,,. This embodimen. lnclU des a fleneraling ^J^T 

mpared body part or massage the muso.es associated with ,he impaired 
body Part in an afternate embodiment, a mechanic, device moves .he 

andtor .ntermfttenfty moves limbs, digits and other body parts The diaannJ 

tocahon ,n the cortex where passive movement of me impaired ,imb 

before, dunng, and after the generating phase 1,0. ,„ one farthular 

:2;::: b : e phase m *— « - ~ 

Ld ' rt US ' n9 MR ' 6 *" PaMi ^ ~*« •» ""Pafted 

body part to provide a baseiine indicata of brain acftvfty; (b, pale,y 

movng fte impaired body part in the generating phase 1,0 1 

b^and ( o, delermining me sfte wh ral acftvfty occure ,„ resZt 

the passive movement of the impaired body part. 

orev J" 6 T" m0Ve ' nen, °' bod * is oxpected to 

P~v.de a good indicafton of the iocalion in ,he cortex where the brein Z 
pert-orming „ eural acftvfty ma. oonftois me impaired body part Pat e 

s r r b r rte *- The neurai si9nate ~ — —J - . 

m fte bre,n fta. ,s associated wfth fte tone.™ of fte impaired body part- 
ft .s ft,s neura, acftvfty fta. deftnas fte -,n,ended neura, acftvfty. The fte oi 
*. .".ended neure, acftvfty generaled by fte passive JL2 " Z 

17 by pass,ve,y moving an impaired body part and monitoring .he 
■mended neura, acftvfty fta, occurs in response to fte passfce mofton fte 
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location of ,he intended neural acflvity deflnes toe stimulation ^ for applying 
an electncal therapy or another type of therapy 
Wl Figure 4B is a fow char, of another embodiment of the diagnostic 

procure 102. in this embodiment, the diagnostic procedure 102 inciudes a 
generating phase 120 involving electrically stimulating the muscles of the 
impaired body par,. The electoca, stimulate can be performed using 
transcutaneous or subcutaneous electncal station devices A 
transcutaneous device, for example, cen include electrode patches that are 
applied to toe skin and coupled to a current source. Suitable subcutaneous 
devices can include percutaneous therapy eleclrodes and system developed 

I ZmT™*' lnc - of ^ WA ' and in US W" 

Nos. 09/666,931 and 09/452,477. which are all herein incorporated by 
reference. The percutaneous electrode devices can be flexible, wira-type 
electrodes or rigid, needle-type electrades. The wira-type elecflrodes may be 
mora suitable for use in the generating phase 120 of the diagnostic procedura 
102 because they can flex as the muscles contact/extend with the peripheral 
electrical stimulation. The embodiment of the diagnostic procedure 102 also 
includes a monitoring phase 122 in which the neural activity in the brain is 
monitored while perforating the generating phase 120. The monitoring phase 
122 can be similar to the monitoring phase 112 described above. Thus the 
monitoring phase 122 determines the site where cortical neural activity occurs 
in response to the electrical stimulation of the muscles. 

The embodiment of the diagnostic procedure 102 shown in Figure 4B 
that electocally stimulates the impairad muscles is expeoted to provide highly 
accurate results. One reason for mis is toe. the electoca, currant can be 
applied to only certain muscles without having to involve other muscles As a 
rasutt, i, is expected that there will be less "noise- in the Image of the neural 
activity. Such a reduction in noise will accordingly , ik ely produce a mora 
acotrate indication o, where toe intended neura, acflvfly is occurring in toe 
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(0077, Figure 4C is a flow diagram of yet another embodiment of the 

d.agnostic procedure 102. In this embodiment, the diagnostic procedure 102 
includes a generating phase 130 involving electrically stimulating at least one 
of the nerves of the impaired body part. The electrical stimulation of the 
nerve can be performed using the percutaneous therapy electrodes described 
•n the patent applications incorporated by reference above The 
percutaneous electrode devices can thus be flexible, wire-type electrodes or 
ng.d, needle-type electrodes. In this embodiment, the electrodes are 
pos.t.oned proximate to the particular nerve(s) in the impaired body part, and 
then the electrical current is applied to the electrodes. The diagnostic 
procedure 102 in this embodiment can also include a monitoring phase 132 
wh.ch can be similar to the monitoring phase 112 described above. Thus the 
monitoring phase 132 determines the site where cortical neural activity occurs 
in response to the electrical stimulation of the nerves. 

The embodiment of the diagnostic procedure 102 shown in Figure 4C 
is also expected to be useful for providing an accurate image of the intended 
neural activity in the cortex. By stimulating the nerves instead of passively 
moving the impaired body part, this embodiment is also expected to reduce 
the "noise" of neural activity in the brain correlated with the impaired body 
part. Additionally, stimulating the nerves in the impaired body part may 
provide an even more precise image of the response neural activity in the 
brain because it directly involves the nervous system without having to 
involve other features of the impaired body part. 
[0079, Another benefit of several embodiments of the diagnostic procedures 

described above with reference to Figures 4B and AC is that they may 
generate the intended neural activity in highly impaired body parts. One 
aspect of severely impaired body parts is that passive motion of such body 
parts may not generate neural activity in the brain. The electrical stimulation 
of the muscles and/or the nerves of the impaired body part, however, can 
provide more stimulus than merely passively moving the muscles The 
electrical stimulus may thus generate neural activity related to the impaired 
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body part when passive movement of ,he impair body part does not 
produce an image. 

100801 A Fi9Ure 40 sche ™tically illustrates a system 400 for performing the 
dtagnostic procedures described above with respect to Figures 4B and 4C 
The system 400 includes a controller 410, an imaging apparatus 420 coupled 
to the controller 410, and a pulse generator 430 coupled to the control.er 410 
The system 400 can also include a plurality of stimulus elements 432 for 
providing a stimulus to the affected body part of the patient P. The procedure 
described with respect to Figure 4B uses the stimulus elements 432 to 
stimulate the muscle of the affected body part, whereas the procedure 
descnbed with respect to Figure 4C uses the stimulus elements 432 to 
st.mu.ate the nerves of the affected body part. The stimulus elements 432 
can be transcutaneous electrode patches, or they can be percutaneous 
electrodes, such as those developed by Vertis Neuroscience, Inc. of Seattle 
WA, and described in U.S. Application No. 09/666,931 and 09/452,477 which 
are both herein incorporated by reference. The percutaneous electrodes can 
be flexible wire-type electrodes or rigid needle-type electrodes. The stimulus 
elements 432 can alternatively be transcutaneous magnetic elements that 
prov,de magnetic stimuli to the affected body part of the patient P. In the 
example shown in Figure 4D, the upper arm is the affected body part of the 
pat,ent P. In operation, the controller 410 instructs the pulse generator 430 to 
provide a stimulus to the affected body part via the stimulus elements 432 
As the stimulus is applied to the affected body part, the imaging apparatus 
420 momtors the neural activity in the patient P and generates data 
corresponding to the observed neural activity. 

Figure 4E is a flow chart of still another embodiment of the diagnostic 
procedure 102 in accordance with the invention. In this embodiment, the 
d.agnostic procedure 102 includes a generating phase 140 involving 
stimulating an area on the cortex at a supra-threshold level, and a monitoring 
Phase 142 involving determining whether the supra-threshold stimulation 
produced a response in the impaired body part. The generating phase 140 
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can include imptanhng an eiectrede arrey having a p. uraIity „ electrodes to 
wh*h an electhca, eurren, can ba app lle d independent The region of 2 
-*< for tmplanung the e ,ectrede arrey can be based upon an e S /nT 0 

Zz 7; "" brain is iike,y ,o - neurai «** * «« - 

impaired body part. Afar impianting ». electrDde 

stimulation to different areas of the cnrtev tk« 

cortex. The generating phase 140 also 
» inoiudes apptying „ elecmcal ^ „ , J^J^ 

J? 3 m0 '° r a " **- " — ' *P° of 

reaponaa that can ba measured at the impaired body part 

Tha monitoring phasa 142 of thia embodiment of the diagnostic 
procedure 102 invoive ril>9 tne response „ „. ^ 

»a. was , appiied to the cortex in the genera** phaae ,40. The response 
can be detected using eiectnca, sensors a, the impaired body par, or by 
detechng movement of the impaired body part, if n0 response is detected 
h n he p^ area „ me ^ „ ^ ^ • 

no, hxely the motor centre, area ofthe cortex ma, me brein is using ,o .Lfonn 
neure, activity for me impaired body part. The diagnostic precedure 102 can 
accordingly further include a decision phasa ,43 in which me precdUoner or a 
computer decides to apply etecMca, stimu.a.k>n to another area of me cortex 
by selecting anchor electrode concretion on the electrede artay « a 
response is detected e« the impaired body part, then me area of me cortex to 
which me s mulatton was appiied is lixety invoived in perfonning ma neure, 
tocuon tor the .repaired body part The diagnose precedure ,02 in mis 
embod,men, can also decide to M aitemate eiecuode confguretions a, the 

ST- le re T ,he of ■" oort ~ ,ha ' is - 

-My o me ,mpa,red body part. Atter testing severe, different eiectrede 
con^ons, the diagnosdc precedure ,02 can preceed to the selecUon 
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in the impaired body part is selected as the site to apply the elecWcal 
stimulation. 

10083] An alternative embodiment of the diagnostic procedure 102 involves 

identifying a stimulation site at a second location of the brain where the neural 
activity has changed in response to a change in the neural-function of the 
patient. This embodiment of the method does not necessarily require that the 
intended neural activity be generated by peripherally actuating or stimulating 
a body part. For example, the brain can be scanned for neural activity 
associated with the impaired neural-function as a patient regains use of an 
affected limb or learns a task over a period of time. This embodiment, 
however, can also include peripherally generating the intended neural activity 
remotely from the brain explained above. 
[0084] in still another embodiment, the diagnostic procedure 102 involves 

identifying a stimulation site at a location of the brain where the intended 
neural activity is developing to perform the neural-function. This embodiment 
is similar to the other embodiments of the diagnostic procedure 102, but it can 
be used to identify a stimulation site at (a) the normal region of the brain 
where the intended neural activity is expected to occur according to the 
functional organization of the brain and/or (b) a different region where the 
neural activity occurs because the brain is recruiting additional matter to 
perform the neural-function. This particular embodiment of the method 
involves monitoring neural activity at one or more locations where the neural 
activity occurs in response to the particular neural-function of interest. For 
example, to enhance the ability to learn a particular task (e.g., playing a 
musical instrument, memorizing, etc.), the neural activity can be monitored 
while a person performs the task or thinks about performing the task. The 
stimulation sites can be defined by the areas of the brain where the neural 
activity has the highest intensity, the greatest increases, and/or other 
parameters that indicate areas of the brain that are being used to perform the 
particular task. 
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"X Hgures 5A and SB are schematic .lustrations of the , , , 

Procedure ,04 descdbed above w,h reference ,o Figure Cfc IT^ 
2 « - second electee relate ,o a pomon of I *£ZZ 

skull sertinn «vi ; "*uure iu^. in one embodiment, a 

* ThS SkU " "*" 504 b. removed by boring a hole in the skull 

panent 500. Suitable techniques associated with 
W» procedure are known to pra^oners k.led i T T rt Z 1 
~" *~ «» <- imp,an te d in ,he pa2 500 Tp U 

D y me first and second e ectrodes 52n <5«r>,,.i„.- 
: caring ou, the ^ en J^ ~- 

:;:r are descnbe < * - - - - — 

acconf SeVera ' r b0dlm9n ' S °' me ' h0dS ,OT « aeUvi^ in 

accordance „„h the invent are expected to provide lasting resu^ 
Promote the desired neurat-fun*,,. Be fore „. present , v J o ~ 

r b fl r r u,aton techn,ques *— - — <~ 

a~ n6Ural "** rel3ted '° "» — *«— occurred 

acoond.no ,„ lhe Qf fte 

to^uea. however, may no, be eflechVe becauee «,e neuro „T 
cbvrtv because of brarn damage, disease, disorder, and/or because o, 

over^e I d k 'T """^ "** * — «* » e '-enhon 
overcome ,h,a drawback bv idenbfying a sbmuiabon site based on 
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[0087] 



neoplastic activity that appears to be related to the neural-function By first 
•dentifying a location in the brain that is being recruited to perform the neural 
act,v.ty, it is expected that therapies (e.g., electrical, magnetic, genetic, 
b.olog,c, and/or pharmaceutical) applied to this location will be more effective 
than conventional techniques. This is because the location that the brain is 
recruiting for the neural activity may not be the "normal location" where the 
neuro activity would normally occur according to the functional organization of 
the brain. Therefore, several embodiments of methods for enhancing neural 
activity in accordance with the invention are expected to provide lasting 
results because the therapies are applied to the portion of the brain where 
neural activity for carrying out the neural-function actually occurs in the 
particular patient. 

2 - Electrically In ducing Desired Neural Activity 

The method 100 for effectuating a neural-function can also be used to 
induce neural activity in a region of the brain where such neural activity is not 
present. As opposed to the embodiments of the method 100 described 
above for enhancing existing neural activity, the embodiments of the method 
100 for inducing neural activity initiate the neural activity at a stimulation site 
where it is estimated that neuroplasticity will occur. In this particular situation, 
an image of the brain seeking to locate where neuroplasticity is occurring may 
be similar to Figure 3. An aspect of inducing neural activity, therefore, is to 
develop a procedure to determine where neuroplasticity is likely to occur. 
[0088] A stimulation site may be identified by estimating where the brain will 

likely recruit neurons for performing the neural-function. In one embodiment 
the location of the stimulation site is estimated by defining a region of the 
brain that is proximate to the normal location where neural activity related to 
the neural-function is generally present according to the functional 
organization of the brain. An alternative embodiment for locating the 
strmulation site includes determining where neuroplasticity has typically 
occurred in patients with similar symptoms. For example, if the brain typically 
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recruits a second region of the cortex to compensate for a loss of neural 
activity in the normal region of the cortex, then the second region of the cortex 
can be selected as the stimulation site either with or without imaging the 
neural activity in the brain. 
[0089J Several embodiments of methods for inducing neural activity in 

accordance with the invention are also expected to provide lasting results that 
initiate and promote a desired neural-function. By first estimating the location 
of a stimulation site where desired neuroplasticity is expected to occur, 
therapies applied to this location may be more effective than conventional 
therapies for reasons that are similar to those explained above regarding 
enhancing neural activity. Additionally, methods for inducing neural activity 
may be easier and less expensive to implement because they do not require 
generating neural activity and/or imaging the brain to determine where the 
intended neural activity is occurring before applying the therapy. 

3 - Applications of Methods for Electrically Stimulating 
Regions of the Brain 

10090] The foregoing methods for enhancing existing neural activity or 

inducing new neural activity are expected to be useful for many applications. 
As explained above, several embodiments of the method 100 involve 
determining an efficacious location of the brain to enhance or induce an 
intended neural activity that causes the desired neural-functions to occur. 
Additional therapies can also be implemented in combination with the 
electrical stimulation methods described above. Several specific applications 
using embodiments of electrical stimulation methods in accordance with the 
invention either alone or with adjunctive therapies will now be described, but it 
will be appreciated that the methods in accordance with the invention can be 
used in many additional applications. 
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a - general Ap plicative 
m* The embodiments of the electrical sbmulabon methods descrtbed 

ST ' T ^ sens °^ ta " ta ' — * "-me to toe 

11 3 aP ^ 0n ' bra ' n hM ^ *""»- »V a s, roK e or 
*™» (e.g., automobfc accident,. The extern o, the particular brain damage 

22 aSS8SSed ^ ,UnC,l0nal MR ' ° r ^ a ~'« waging 
.echn,,ue as exptained above w«h respect to Figure 3. A sbmuiabon 

men be ,den Me d b y: ,a, periphery sumulabng a body part the, was 

affected by the brain damage to induce the intended neu ra , acMy and 

defcrmmmg me iocatton where a response neu ra , advi* occurs- (b) 

deling w^ere the „eu ra , acbvKy has changed as a patten, gains more 

use of .he affected body part: and/or (c) estimating the locabon mat the brain 

may reaui, neurons to cany out me neura, activity tha, was previously 

performed by the damaged portion of me brain. An eiecmca, stimuiation 

therapy can then be applied to me selected summation site by placing me ft* 

and second elecbodes re,a«ve to the stimulation site to apply an electrical 

cunent ,n tha. portion of .be brain. As explained in more detail below, it is 

expected that applying an electocal cunen, to the portion of me brain ma. has 

been recraited .o perform the neural ac.M.y related to , he afbcte() body ^ 

w,ll preduce a lasbng neurological effect for rehabiiltabng ,he affected body 
part. 7 

Several specific applications are expected to have a simulation site in 
he cortex because neural acbv«y i„ this part of me brai „ effeotuat6s 
funcbons and/or sensory tonctions that are typicaly affected by a stroke or 
bauma. In these applications, toe electrtcal summation can be applied 
•rectiy to the pia, surface o, toe brain or a. leas, proximate to the pia, surface 
(•*. me dura mater, toe fluid surrounding toe cortex, or neurons within toe 
cortex). Suitabte devices for applying the elecmcal stimulate, t0 the cortex 
are described in detail wito reference to Figures 6-40. 
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,0OM1 the SS ™ laUOn ran also te use « «■> adjunct 

toerap.es to damaged portk)na of „. bra| „ |n ^ ^ 

and, T stTnulalon methods can ba combined w«h physical therapy 
and/or dnig therapies to nahabilbate an affected naura, funcbbn Z 
example , a stroke paben. has tost the usa of a Hmb. ,ha paben, can ba 
beated by ap plyln8 tha elecWcal merapy ^ , ^ ^ 

intended naura! aobvity is prasant whila the affected limb fe als0 ^ t0 
physrcal fheiapy. An alternate embodiment can involve applying the 
elecbica, thenapy to the sBmulation 8lte ^ ^ 

using amphetamines or other suitable drugs. 

100841 k ^ "*«■»»* °' the elecbical sUmulation methods described 
a ove ana also expected to be useful for beatin* brain diseases, such as 
Afche.meris. Parkinson's, and other brain diseases. In mis appiicabon. the 
sbmulabon site can be idenbbed by monitoring the neu ra , activity using 
ftmcbona, MR, or other suitoble imaging techniques over a period of bme to 
determine where the brain is recruibng material to perform me neura! activity 
that is being affected by the disease. I, may also be possible to identify the 
sbmulabon site by having the patient by to perform an act that the particular 
d,saase has affected, and monitoring the brain to determine whether any 
response neural acbvby is present in the brain. After identifying where the 
brain is recnbbng addibonal maner. the elecbical sbmulabon can be applied to 
this portion of the brain. „ is expected that electrically sbmulabng me regions 
of the biain that have been recntited to perform the neural activi* which was 
affected by the disease will assist the b ral „ m offsetbng the dama9e ^ 
by the disease. 

The embodiments of the electrical stimulabon methods described 
above are also expected to be usetul for beating neurological disoide*,, such 
as depression, passive-aggressive behavior, weight conbol. and other 
disorders. In these applications, the electrical sbmulabon can be applied to a 
sb-nulation site in the cortex or another suitoble part of the brain where neura, 
acbvity re,a,ed to the particular disonder is pnasent. The embodiments of 
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electrical stimu.ation methods for carrying out the particular therapy can be 
adapted to either increase or decrease the particular neural activity in a 
manner that produces the desired results. For example, an amputee may fee. 
Phantom sensations associated with the amputated limb. This phenomenon 
can be treated by applying an electrical pulse that reduces the phantom 
sensations. The electrical therapy can be applied so that it will modulate the 
ab.lrty of the neurons in that portion of the brain to execute sensory functions. 
D - Pulse Forms and Potentials 

The electrical stimulation methods in accordance with the invention 
can use several different pulse forms to effectuate the desired neuroplasticity 
The pulses can be a bi-phasic or monophasic stimulus that is applied to 
ach,eve a desired potential in a sufficient percentage of a population of 
neurons at the stimulation site. In one embodiment, the pulse form has a 
frequency of approximately 2-1000 Hz, but the frequency may be particu.ariy 
useful in the range of approximately 40-200 Hz. For example, initial clinical 
tnals are expected to use a frequency of approximately 50-100 Hz. The 
pulses can also have pulse widths of approximately 10us-100ms, or more 
specifically the pulse width can be approximately 20-200^. For example, a 
pulse width of 50-100us may produce beneficial results. 

It is expected that one particularly useful application of the invention 
involves enhancing or inducing neuroplasticity by raising the resting 
membrane potential of neurons to bring the neurons closer to the threshold 
level for firing an action potential. Because the stimulation raises the resting 
membrane potential of the neurons, it is expected that these neurons are 
more likely to "fire" an action potential in response to excitatory input at a 
lower level. 

Figure 5C is a graph illustrating applying a subthreshold potential to 
the neurons N1-N3 of Figure 1A. At times t, and t 2 , the excitory/inhibitory 
inputs from other neurons do not «bridge-the-gap" from the resting potential at 
-X mV to the threshold potential. At time t 3 , the electrical stimulation is 
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applied to the brain to raise the resting potential of neurons in the stimulated 
population such that the resting potential is at -Y mV. As such, at time t, 
when the neurons receive another excitatory input, even a small input 
exceeds the gap between the raised resting potential -Y mV and the 
threshold potential to induce action potentials in these neurons. For example, 
if the resting potential is approximately -70 mV and the threshold potential is 
approximately -50 mV, then the electrical stimulation can be applied to raise 
the resting potential of a sufficient number of neurons to approximately -52 to 
-60 mV. 

10099] The actual electrical potential applied to electrodes implanted in the 

brain to achieve a subthreshold potential stimulation will vary according to the 
individual patient, the type of therapy, the type of electrodes, and other 
factors. In general, the pulse form of the electrical stimulation (e.g., the 
frequency, pulse width, wave form, and voltage potential) is selected to raise 
the resting potential in a sufficient number neurons at the stimulation site to a 
level that is less than a threshold potential for a statistical portion of the 
neurons in the population. The pulse form, for example, can be selected so 
that the applied voltage of the stimulus achieves a change in the resting 
potential of approximately 10%-95%, and more specifically of 60%-80%, of 
the difference between the unstimulated resting potential and the threshold 
potential. 

[ooioo] m one specific example of a subthreshold application for treating a 

patient's hand, electrical stimulation is not initially applied to the stimulation 
site. Although physical therapy related to the patient's hand may cause some 
activation of a particular population of neurons that is known to be involved in 
"hand function," only a low level of activation might occur because physical 
therapy only produces a low level of action potential generation in that 
population of neurons. However, when the subthreshold electrical stimulation 
is applied, the resting membrane potentials of the neurons in the stimulated 
population are elevated. These neurons now are much closer to the 
threshold for action potential formation such that when the same type of 
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Physical therapy is given, this population of cells will have a higher level of 
activation because these cells are more likely to fire action potentials 
Iooioi] Subthreshold stimulation may produce better results than simply 

st,mulat,ng the neurons with sufficient energy levels to exceed the threshold 
for action potential formation. One aspect of subthreshold stimulation is to 
-ncrease the probability that action potentials will occur in response to the 
ordmary causes of activation - such as physical therapy. This will allow the 
neurons in this functional network to become entrained together, or "learn" to 
become associated with these types of activities. If neurons are given so 
much electricity that they continually fire action potentials without additional 
excitatory inputs (suprathreshold stimulation), this will create "noise" and 
disorganization that will not likely cause improvement in function. In fact 
neurons that are "overdriven" soon deplete their neurotransmitters and 
effectively become silent. 

[00102J The application of a subthreshold stimulation is very different than 

suprathreshold stimulation. Subthreshold stimulation in accordance with 
several embodiments of the invention, for example, does not intend to directly 
make neurons fire action potentials with the electrical stimulation in a 
significant population of neurons at the stimulation site. Instead, subthreshold 
stimulation attempts to decrease the "activation energy" required to activate a 
large portion of the neurons at the stimulation site. As such, subthreshold 
stimulation in accordance with certain embodiments of the invention is 
expected to increase the probability that the neurons will fire in response to 
the usual intrinsic triggers, such as trying to move a limb, physical therapy or 
simply thinking about movement of a limb, etc. Moreover, coincident 
stimulation associated with physical therapy is expected to increase the 
probability that the action potentials that are occurring with an increased 
probability due to the subthreshold stimulation will be related to meaningful 
triggers, and not just "noise." 
[00103] The stimulus parameters set forth above, such as a frequency 

selection of approximately 50-100 Hz and an amplitude sufficient to achieve 
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an increase of 60% to 80% of the difference between the resting potential and 
the threshold potential are specifically selected so that they will increase the 
resting membrane potential of the neurons, thereby increasing the likelihood 
that they will fire action potentials, without directly causing action potentials in 
most of the neuron population. In addition, and as explained in more detail 
below with respect to Figures 6-40, several embodiments of stimulation 
apparatus in accordance with the invention are designed to precisely apply a 
pulse form that produces subthreshold stimulation by selectively stimulating 
regions of the cerebral cortex of approximately 1-2 cm (the estimated size of 
a "functional unit" of cortex), directly contacting the pial surface with the 
electrodes to consistently create the same alterations in resting membrane 
potential, and/or biasing the electrodes against the pial surface to provide a 
positive connection between the electrodes and the cortex. 

B - Devices for El ectrically Stimulating Regions of the Brain 

[00104] Figures 6-40 illustrate stimulation apparatus in accordance with several 

embodiments of the invention for electrically stimulating regions of the brain in 
accordance with one or more of the methods described above. The devices 
illustrated in Figures 6-40 are generally used to stimulate a region of the 
cortex proximate to the pial surface of the brain (e.g., the dura mater, the pia 
mater, the fluid between the dura mater and the pia mater, and a depth in the 
cortex outside of the white matter of the brain). The devices can also be 
adapted for stimulating other portions of the brain in other embodiments. 

1 - Implantable Stimulation Apparatus with Integra ted 
Pulse Systems 

[00105] Figure 6 is an isometric view and Figure 7 is a cross-sectional view of a 

stimulation apparatus 600 in accordance with an embodiment of the invention 
for stimulating a region of the cortex proximate to the pial surface. In one 
embodiment, the stimulation apparatus 600 includes a support member 610, 
an integrated pulse-system 630 (shown schematically) earned by the support 
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member 610, and first and second electrodes 660 (identified individually by 
reference numbers 660a and 660b). The first and second electrodes 660 are 
electrically coupled to the pulse system 630. The support member 610 can 
be configured to be implanted into the skull or another intracranial region of a 
patient. In one embodiment, for example, the support member 610 includes a 
housing 612 and an attachment element 614 connected to the housing 612. 
The housing 612 can be a molded casing formed from a biocompatible 
material that has an interior cavity for carrying the pulse system 630. The 
housing can alternatively be a biocompatible metal or another suitable 
material. The housing 612 can have a diameter of approximately 1-4 cm, and 
in many applications the housing 612 can be 1.5-2.5 cm in diameter. The 
housing 612 can also have other shapes (e.g., rectilinear, oval, elliptical) and 
other surface dimensions. The stimulation apparatus 600 can weigh 35g or 
less and/or occupy a volume of 20cc or less. The attachment element 614 
can be a flexible cover, a rigid plate, a contoured cap, or another suitable 
element for holding the support member 610 relative to the skull or other body 
part of the patient. In one embodiment, the attachment element 614 is a 
mesh, such as a biocompatible polymeric mesh, metal mesh, or other suitable 
woven material. The attachment element 614 can alternatively be a flexible 
sheet of Mylar, a polyester, or another suitable material. 
[00106] Figure 7, more specifically, is a cross-sectional view of the stimulation 

apparatus 600 after it has been implanted into a patient in accordance with an 
embodiment of the invention. In this particular embodiment, the stimulation 
apparatus 600 is implanted into the patient by forming an opening in the scalp 
702 and cutting a hole 704 through the skull 700 and through the dura mater 
706. The hole 704 should be sized to receive the housing 612 of the support 
member 610, and in most applications, the hole 704 should be smaller than 
the attachment element 614. A practitioner inserts the support member 610 
into the hole 704 and then secures the attachment element 614 to the skull 
700. The attachment element 614 can be secured to the skull using a 
plurality of fasteners 618 (e.g., screws, spikes, etc.) or an adhesive. In an 
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alternative embodiment, a plurality of downwardly depending spikes can be 
formed integrally with the attachment element 614 to define anchors that can 
be driven into the skull 700. 

(00107] The embodiment of the stimulation apparatus 600 shown in Figure 7 is 

configured to be implanted into a patient so that the electrodes 660 contact a 
desired portion of the brain at the stimulation site. The housing 612 and the 
electrodes 660 can project from the attachment element 614 by a distance 
"D n such that the electrodes 660 are positioned at least proximate to the pia 
mater 708 surrounding the cortex 709. The electrodes 660 can project from a 
housing 612 as shown in Figure 7, or the electrodes 660 can be flush with the 
interior surface of the housing 612. In the particular embodiment shown in 
Figure 7, the housing 612 has a thickness T and the electrodes 660 project 
from the housing 612 by a distance "P" so that the electrodes 660 press 
against the surface of the pia mater 708. The thickness of the housing 612 
can be approximately 0.5-4 cm, and is more generally about 1-2 cm. The 
configuration of the stimulation apparatus 600 is not limited to the 
embodiment shown in Figures 6 and 7, but rather the housing 612, the 
attachment element 614, and the electrodes 660 can be configured to 
position the electrodes in several different regions of the brain. For example, 
in an alternate embodiment, the housing 612 and the electrodes 660 can be 
configured to position the electrodes deep within the cortex 709, and/or a 
deep brain region 710. In general, the electrodes can be flush with the 
housing or extend 0.1 mm to 5 cm from the housing. More specific 
embodiments of pulse system and electrode configurations for the stimulation 
apparatus will be described below. 

[00108] Several embodiments of the stimulation apparatus 600 are expected to 

be more effective than existing transcranial electrical stimulation devices and 
transcranial magnetic stimulation devices. It will be appreciated that much of 
the power required for transcranial therapies is dissipated in the scalp and 
skull before it reaches the brain. In contrast to conventional transcranial 
stimulation devices, the stimulation apparatus 600 is implanted so that the 
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electrodes are at least proximate to the pial surface of the brain 708. Several 
embodiments of methods in accordance with the invention can use the 
stimulation apparatus 600 to apply an electrical therapy directly to the pia 
mater 708, the dura mater 706, and/or another portion of the cortex 709 at 
significantly lower power levels than existing transcranial therapies. For 
example, a potential of approximately 1 mV to 10 V can be applied to the 
electrodes 660; in many instances a potential of 100 mV to 5 V can be 
applied to the electrodes 660 for selected applications. It will also be 
appreciated that other potentials can be applied to the electrodes 660 of the 
stimulation apparatus 600 in accordance with other embodiments of the 
invention. 

[00109] Selected embodiments of the stimulation apparatus 600 are also 

capable of applying stimulation to a precise stimulation site. Again, because 
the stimulation apparatus 600 positions the electrodes 660 at least proximate 
to the pial surface 708, precise levels of stimulation with good pulse shape 
fidelity will be accurately transmitted to the stimulation site in the brain. It will 
be appreciated that transcranial therapies may not be able to apply 
stimulation to a precise stimulation site because the magnetic and electrical 
properties of the scalp and skull may vary from one patient to another such 
that an identical stimulation by the transcranial device may produce a different 
level of stimulation at the neurons in each patient. Moreover, the ability to 
focus the stimulation to a precise area is hindered by delivering the 
stimulation transcranially because the scalp, skull and dura all diffuse the 
energy from a transcranial device. Several embodiments of the stimulation 
apparatus 600 overcome this drawback because the electrodes 660 are 
positioned under the skull 700 such that the pulses generated by the 
stimulation apparatus 600 are not diffused by the scalp 702 and skull 700. 
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2 - Integrated Pulse Systems for Implantable 
Stimulation Apparatus 

tool ioj The pulse system 630 shown in Figures 6 and 7 generates and/or 

transmits electrical pulses to the electrodes 660 to create an electrical field at 
a stimulation site in a region of the brain. The particular embodiment of the 
pulse system 630 shown in Figure 7 is an "integrated" unit in that is carried by 
the support member 610. The pulse system 630, for example, can be housed 
within the housing 612 so that the electrodes 660 can be connected directly 
to the pulse system 630 without having leads outside of the stimulation 
apparatus 600. The distance between the electrodes 660 and the pulse 
system 630 can be less than 4 cm, and it is generally 0.10 to 2.0 cm. The 
stimulation apparatus 600 can accordingly provide electrical pulses to the 
stimulation site without having to surgically create tunnels running through the 
patient to connect the electrodes 660 to a pulse generator implanted remotely 
from the stimulation apparatus 600. It will be appreciated, however, that 
alternative embodiments of stimulation apparatus in accordance with the 
invention can include a pulse system implanted separately from the 
stimulation apparatus 600 in the cranium or an external pulse system. 
Several particular embodiments of pulse systems that are suitable for use 
with the stimulation apparatus 600 will now be described in more detail. 

[001 1 1] Figures 8 and 9 schematically illustrate an integrated pulse system 800 

in accordance with one embodiment of the invention for being implanted in 
the cranium within the stimulation apparatus 600. Referring to Figure 8, the 
pulse system 800 can include a power supply 810, an integrated controller 
820, a pulse generator 830, and a pulse transmitter 840. The power supply 
810 can be a primary battery, such as a rechargeable battery or another 
suitable device for storing electrical energy. In alternative embodiments, the 
power supply 810 can be an RF transducer or a magnetic transducer that 
receives broadcast energy emitted from an external power source and 
converts the broadcast energy into power for the electrical components of the 
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pulse system 800. The integrated controller 820 can be a wireless device 
that responds to command signals sent by an external controller 850. The 
integrated controller 820, for example, can communicate with the external 
controller 850 by RF or magnetic links 860. The integrated controller 820 
provides control signals to the pulse generator 830 in response to the 
command signals sent by the external controller 850. The pulse generator 
830 can have a plurality of channels that send appropriate electrical pulses to 
the pulse transmitter 840, which is coupled to the electrodes 660. Suitable 
components for the power supply 810. the integrated controller 820, the pulse 
generator 830, and the pulse transmitter 840 are known to persons skilled in 
the art of implantable medical devices. 

[00112] Referring to Figure 9, the pulse system 800 can be earned by the 

support member 610 of the stimulation apparatus 600 in the manner 
described above with reference to Figures 6 and 7. The external controller 
850 can be located externally to the patient 500 so that the external controller 
850 can be used to control the pulse system 800. In one embodiment, 
several patients that require a common treatment can be simultaneously 
treated using a single external controller 850 by positioning the patients within 
the operating proximity of the controller 850. In an alternative embodiment, 
the external controller 850 can contain a plurality of operating codes and the 
integrated controller 820 for a particular patient can have an individual 
operating code. A single controller 850 can thus be used to treat a plurality of 
different patients by entering the appropriate operating code into the 
controller 850 corresponding to the particular operating codes of the 
integrated controllers 820 for the patients. 

[00113] Figure 10 is a schematic view illustrating a pulse system 1000 and an 

external controller 1010 for use with the stimulation apparatus 600 in 
accordance with another embodiment of the invention. In this embodiment, 
the external controller 1010 includes a power supply 1020, a controller 1022 
coupled to the power supply 1020, and a user interface 1024 coupled to the 
controller 1022. The external controller 1010 can also include a pulse 
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generator 1030 coupled to the power supply 1020, a pulse transmitter 1040 
coupled to the pulse generator 1030, and an antenna 1042 coupled to the 
pulse transmitter 1040. The external controller 1010 generates the power 
and the pulse signal, and the antenna 1042 transmits a pulse signal 1044 to 
the pulse system 1000 in the stimulation apparatus 600. The pulse system 
1000 receives the pulse signal 1044 and delivers an electrical pulse to the 
electrodes. The pulse system 1000, therefore, does not necessarily include 
an integrated power supply, controller and pulse generator within the housing 
610 because these components are in the external controller 1010. 

[00114] Figure 1 1 is a schematic view illustrating an embodiment of the pulse 

system 1000 in greater detail. In this embodiment, the pulse system 1000 is 
carried by the support member 610 of the stimulation apparatus 600. The 
pulse system 1000 can include an antenna 1060 and a pulse delivery system 
1070 coupled to the antenna 1060. The antenna 1060 receives the pulse 
signal 1044 from the external controller 1010 and sends the pulse signal 1044 
to the pulse delivery system 1070, which transforms the pulse signal 1044 
into electrical pulses. Accordingly, the electrodes 660 can be coupled to the 
pulse delivery system 1070. The pulse delivery system 1070 can include a 
filter to remove noise from the pulse signal 1044 and a pulse former that 
creates an electrical pulse from the pulse signal 1044. The pulse former can 
be driven by the energy in the pulse signal 1044, or in an alternative 
embodiment, the pulse system 1000 can also include an integrated power 
supply to drive the pulse former. 

[00115] Figure 12 is a schematic view illustrating an embodiment of pulse 

system 1200 for use in an embodiment of the stimulation apparatus 600. and 
an external controller 1210 for controlling the pulse system 1200 remotely 
from the patient using RF energy. In this embodiment, the external controller 
1210 includes a power supply 1220, a controller 1222 coupled to the power 
supply 1220, and a pulse generator 1230 coupled to the controller 1222. The 
external controller 1210 can also include a modulator 1232 coupled to the 
pulse generator 1230 and an RF generator 1234 coupled to the modulator 
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1232. In operation, the external controller 1210 broadcasts pulses of RF 
energy via an antenna 1242. 

[001 16] The pulse system 1 200 can be housed within the stimulation apparatus 

600 (not shown). In one embodiment, the pulse system 1200 includes an 
antenna 1260 and a pulse delivery system 1270. The antenna 1260 
incorporates a diode (not shown) that rectifies the broadcast RF energy from 
the antenna 1242. The pulse delivery system 1270 can include a filter 1272 
and a pulse former 1274 that forms electrical pulses which correspond to the 
RF energy broadcast from the antenna 1242. The pulse system 1200 is 
accordingly powered by the RF energy in the pulse signal from the external 
controller 1210 such that the pulse system 1200 does not need a separate 
power supply carried by the stimulation apparatus 600. 

{00117] Figure 13 is a cross-sectional view of a pulse system 1300 for use in 

another embodiment of the implantable stimulation apparatus 600, together 
with an external controller 1310 for remotely controlling the pulse system 
1300 externally from the patient using magnetic energy. In this embodiment, 
the external controller 1310 includes a power supply 1320, a controller 1322 
coupled to the power supply 1320, and a user interface 1324 coupled to the 
controller 1322. The external controller 1310 can also include a pulse 
generator 1330 coupled to the controller 1332, a pulse transmitter 1340 
coupled to the pulse generator 1330, and a magnetic coupler 1350 coupled to 
the pulse transmitter 1340. The magnetic coupler 1350 can include a ferrite 
core 1352 and a coil 1354 wrapped around a portion of the ferrite core 1352. 
The coil 1354 can also be electrically connected to the pulse transmitter 1340 
so that electrical pulses applied to the coil 1354 generate changes in a 
corresponding magnetic field. The magnetic coupler 1350 can also include a 
flexible cap 1356 to position the magnetic coupler 1350 over the implanted 
stimulation apparatus 600. 

[001 18] The pulse system 1 300 can include a ferrite core 1 360 and a coil 1 362 

wrapped around a portion of the ferrite core 1360. The pulse system 1310 
can also include a pulse delivery system 1370 including a rectifier and a pulse 
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former. In operation, the ferrite core 1360 and the coil 1362 convert the 
changes in the magnetic field generated by the magnetic coupler 1350 into 
electrical pulses that are sent to the pulse delivery system 1370. The 
electrodes 660 are coupled to the pulse delivery system 1370 so that 
electrical pulses corresponding to the electrical pulses generated by the pulse 
generator 1330 in the external controller 1310 are delivered to the stimulation 
site on the patient. 

3. Electrode Configurations 

[00119] Figures 14-24 illustrate electrodes in accordance with various 

embodiments of the invention that can be used with the stimulation apparatus 
disclosed herein. Figures 14-22 illustrate embodiments of electrodes 
configured to apply an electrical current to a stimulation site at least proximate 
to the pial surface of the cortex, and Figures 23 and 24 illustrate 
embodiments of electrodes configured to apply an electrical current within the 
cortex or below the cortex. It will be appreciated that other configurations of 
electrodes can also be used with other implantable stimulation apparatus. 

{00120] Figure 14 is a bottom plan view and Figure 1 5 is a cross-sectional view 

of a stimulation apparatus 1400 in accordance with an embodiment of the 
invention. In this embodiment, the stimulation apparatus 1400 includes a first 
electrode 1410 and a second electrode 1420 concentrically surrounding the 
first electrode 1410. The first electrode 1410 can be coupled to the positive 
terminal of a pulse generator 1430, and the second electrode 1420 can be 
coupled to the negative terminal of the pulse generator 1430. Referring to 
Figure 15, the first and second electrodes 1410 and 1420 generate a toroidal 
electric field 1440. 

[00121] Figure 1 6 is a bottom plan view and Figure 1 7 is a cross-sectional view 

of a stimulation apparatus 1600 in accordance with another embodiment of 
the invention. In this embodiment, the stimulation apparatus 1600 includes a 
first electrode 1610, a second electrode 1620 surrounding the first electrode 
1610, and a third electrode 1630 surrounding the second electrode 1620. 
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The first electrode 1610 can be coupled to the negative terminals of a first 
pulse generator 1640 and a second pulse generator 1642; the second 
electrode 1620 can be coupled to the positive terminal of the first pulse 
generator 1640; and the third electrode 1630 can be coupled to the positive 
terminal of the second pulse generator 1642. In operation, the first electrode 
1610 and the third electrode 1630 generate a first toroidal electric field 1650, 
and the first electrode the 1610 and the second electrode 1620 generate a 
second toroidal electric field 1660. The second toroidal electric field 1660 can 
be manipulated to vary the depth that the first toroidal electric field 1650 
projects away from the base of the stimulation apparatus 1600. 

[00122] Figure 18 is a bottom plan view and Figure 19 is a cross-sectional view 

of a stimulation apparatus 1800 in accordance with yet another embodiment 
of the invention. In this embodiment, the stimulation apparatus 1800 includes 
a first electrode 1810 and a second electrode 1820 spaced apart from the first 
electrode 1810. The first and second electrodes 1810 and 1820 are linear 
electrodes which are coupled to opposite terminals of a pulse generator 1830. 
Referring to Figure 19, the first and second electrodes 1810 and 1820 can 
generate an approximately linear electric field. 

[00123] Figure 20 is a bottom plan view of a stimulation apparatus 2000 in 

accordance with still another embodiment of the invention. In this 
embodiment, the stimulation apparatus 2000 includes a first electrode 2010, a 
second electrode 2020, a third electrode 2030, and a fourth electrode 2040. 
The first and second electrodes 2010 and 2020 are coupled to a first pulse 
generator 2050, and the third and fourth electrodes 2030 and 2040 are 
coupled to a second pulse generator 2060. More specifically, the first 
electrode 2010 is coupled to the positive terminal and the second electrode 
2020 is coupled to the negative terminal of the first pulse generator 2050, and 
the third electrode 2030 is coupled to the positive terminal and the fourth 
electrode 2040 is coupled to the negative terminal of the second pulse 
generator 2060. The first and second electrodes 2010 and 2020 are 
expected to generate a first electric field 2070, and the third and fourth 
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electrodes 2030 and 2040 are expected to generate a second electric field 
2072. It will be appreciated that the ions will be relatively free to move 
through the brain such that a number of ions will cross between the first and 
second electric fields 2070 and 2072 as shown by arrows 2074. This 
embodiment provides control of electric field gradients at the stimulation sites. 
100124] Figure 21 is a bottom plan view of another embodiment of the 

stimulation apparatus 2000. In this embodiment, the first electrode 2010 is 
coupled to the positive terminal and the second electrode 2020 is coupled to 
the negative terminal of the first pulse generator 2050. In contrast to the 
embodiment shown in Figure 20, the third electrode 2030 is coupled to the 
negative terminal and the fourth electrode 2040 is coupled to the positive 
terminal of the second pulse generator 2070. It is expected that this 
electrode arrangement will result in a plurality of electric fields between the 
electrodes. This allows control of the direction or orientation of the electric 
field. 

[00125] Figure 22 is a bottom plan view that schematically illustrates a 

stimulation apparatus 2200 in accordance with still another embodiment of 
the invention. In this embodiment, the stimulation apparatus 2200 includes a 
first electrode 2210, a second electrode 2220, a third electrode 2230, and a 
fourth electrode 2240. The electrodes are coupled to a pulse generator 2242 
by a switch circuit 2250. The switch circuit 2250 can include a first switch 
2252 coupled to the first electrode 2210, a second switch 2254 coupled to the 
second electrode 2220, a third switch 2256 coupled to the third electrode 
2230, and a fourth switch 2258 coupled to the fourth electrode 2240. In 
operation, the switches 2252-2258 can be opened and closed to establish 
various electric fields between the electrodes 2210-2240. For example, the 
first switch 2252 and the fourth switch 2258 can be closed in coordination with 
a pulse from the pulse generator 2242 to generate a first electric field 2260, 
and/or the second switch 2254 and the third switch 2256 can be closed in 
coordination with another pulse from the pulse generator 2242 to generate a 
second electric field 2270. The first and second electric fields 2260 and 2270 



-42- 



WO 03/026739 



PCT/US02/31128 



can be generated at the same pulse to produce concurrent fields or 
alternating pulses to produce alternating or rotating fields. 

[00126] Figure 23 is a bottom plan view and Figure 24 is a side elevational 

view of a stimulation apparatus 2300 in accordance with another embodiment 
of the invention. In this embodiment, the stimulation apparatus 2300 has a 
first electrode 2310, a second electrode 2320, a third electrode 2330, and a 
fourth electrode 2340. The electrodes 2310-2340 can be configured in any of 
the arrangements set forth above with reference to Figures 14-22. The 
electrodes 2310-2340 also include electrically conductive pins 2350 and/or 
2360. The pins 2350 and 2360 can be configured to extend below the pial 
surface of the cortex. For example, because the length of the pin 2350 is less 
than the thickness of the cortex 709, the tip of the pin 2350 will accordingly 
conduct the electrical pulses to a stimulation site within the cortex 709 below 
the pial surface. The length of the pin 2360 is greater than the thickness of 
the cortex 709 to conduct the electrical pulses to a portion of the brain below 
the cortex 709, such as a deep brain region 710. The lengths of the pins are 
selected to conduct the electrical pulses to stimulation sites below the pia 
mater 708. As such, the length of the pins 2350 and 2360 can be the same 
for each electrode or different for individual electrodes. Additionally, only a 
selected portion of the electrodes and the pins can have an exposed 
conductive area. For example, the electrodes 2310-2340 and a portion of the 
pins 2350 and 2360 can be covered with a dielectric material so that only 
exposed conductive material is at the tips of the pins. It will also be 
appreciated that the configurations of electrodes set forth in Figures 14-22 
can be adapted to apply an electrical current to stimulation sites below the pia 
mater by providing pin-like electrodes in a matter similar to the electrodes 
shown in Figures 23 and 24. 

[00127] Several embodiments of the stimulation apparatus described above 

with reference to Figures 6-24 are expected to be more effective than existing 
transcranial or subcranial stimulation devices. In addition to positioning the 
electrodes under the skull, many embodiments of the stimulation apparatus 
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described above also accurately focus the electrical energy in desired 
patterns relative to the pia mater 708, the dura mater 706, and/or the cortex 
709. It will be appreciated that transcranial devices may not accurately focus 
the energy because the electrodes or .other types of energy emitters are 
positioned relatively far from the stimulation sites and the skull diffuses some 
of the energy. Also, existing subcranial devices generally merely place the 
electrodes proximate to a specific nerve, but they do not provide electrode 
configurations that generate an electrical field in a pattern designed for the 
stimulation site. Several of the embodiments of the stimulation apparatus 
described above with reference to Figures 6-24 overcome this drawback 
because the electrodes can be placed against the neurons at the desired 
stimulation site. Additionally, the electrode configurations of the stimulation 
apparatus can be configured to provide a desired electric field that is not 
diffused by the skull 700. Therefore, several embodiments of the stimulation 
apparatus in accordance with the invention are expected to be more effective 
because they can accurately focus the energy at the stimulation site. 

4- Implantable Stimulation Apparatus with Biasing 
Elements 

[00128] Figures 25-30 illustrate several embodiments of stimulation apparatus 

having a biasing element in accordance with a different aspect of the 
invention. The stimulation apparatus shown in Figures 25-30 can be similar 
to those described above with reference to Figures 6-24. Therefore, the 
embodiments of the stimulation apparatus shown in Figures 25-30 can have 
the same pulse systems, support members and electrode configurations 
described above with reference to Figures 6-24. 

[00129] Figure 25 is an isometric view and Figure 26 is a cross-sectional view 

of a stimulation apparatus 2500 in accordance with an embodiment of the 
invention. In one embodiment, the stimulation apparatus 2500 includes a 
support member 2510, a pulse-system 2530 carried by the support member 
2510, and first and second electrodes 2560 coupled to the pulse system 
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2530. The support member 2510 can be identical or similar to the support 
member 610 described above with reference to Figures 6 and 7. The support 
member 2510 can accordingly include a housing 2512 configured to be 
implanted in the skull 700 and an attachment element 2514 configured to be 
connected to the skull 700 by fasteners 2518 (Figure 2), an adhesive, and/or 
an anchor. The pulse system 2530 can be identical or similar to any of the 
pulse systems described above with reference to Figures 6-13, and the first 
and second electrodes 2560 can have any of the electrode configurations 
explained above with reference to Figures 14-24. Unlike the stimulation 
apparatus described above, however, the stimulation apparatus 2500 
includes a biasing element 2550 coupled to the electrodes 2560 to 
mechanically bias the electrodes 2560 away from the support member 2510. 
In an alternative embodiment, the biasing element 2550 can be positioned 
between the housing 2512 and the attachment element 2514, and the 
electrodes 2560 can be attached directly to the housing 2512. As explained 
in more detail below, the biasing element 2550 can be a compressible 
member, a fluid filled bladder, a spring, or any other suitable element that 
resiliently and/or elastically drives the electrodes 2560 away from the support 
member 2510. 

[00130] Figure 26 illustrates an embodiment of the stimulation apparatus 2500 

after it has been implanted into the skull 700 of a patient. When the fasteners 
2518 are attached to the skull 700, the biasing element 2550 should be 
compressed slightly so that the electrodes 2560 contact the stimulation site. 
In the embodiment shown in Figure 26, the compressed biasing element 2550 
gently presses the electrodes 2560 against the surface of the pia mater 708. 
It is expected that the biasing element 2550 will provide a uniform, consistent 
contact between the electrodes 2560 and the pial surface of the cortex 709. 
The stimulation apparatus 2500 is expected to be particularly useful when the 
implantable device is attached to the skull and the stimulation site is on the 
pia mater 708 or the dura mater 706. It can be difficult to position the 
contacts against the pia mater 708 because the distance between the skull 
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700, the dura mater 706, and the pia mater 708 varies within the cranium as 
the brain moves relative to the skull, and also as the depth varies from one 
patient to another. The stimulation apparatus 2500 with the biasing element 
2550 compensates for the different distances between the skull 700 and the 
pia mater 708 so that a single type of device can inherently fit several 
different patients. Moreover, the stimulation apparatus 2500 with the biasing 
element 2550 adapts to changes as the brain moves within the skull. In 
contrast to the stimulation apparatus 2500 with the biasing element 2550, an 
implantable device that does not have a biasing element 2550 may not fit a 
particular patient or may not consistently provide electrical contact to the pia 
mater. 

[00131] Figures 27 and 28 are cross-sectional views of stimulation apparatus in 

which the biasing elements are compressible members. Figure 27, more 
specifically, illustrates a stimulation apparatus 2700 having a biasing element 
2750 in accordance with an embodiment of the invention. The stimulation 
apparatus 2700 can have an integrated pulse system 2530 and electrodes 
2560 coupled to the pulse system 2530 in a manner similar to the stimulation 
apparatus 2500. The biasing element 2750 in this embodiment is a 
compressible foam, such as a biocompatible closed cell foam or open cell 
foam. As best shown in Figure 27, the biasing element 2750 compresses 
when the stimulation apparatus 2700 is attached to the skull. Figure 28 
illustrates a stimulation apparatus 2800 having a biasing element 2850 in 
accordance with another embodiment of the invention. The biasing element 
2850 can be a compressible solid, such as silicon rubber or other suitable 
compressible materials. The electrodes 2560 are attached to the biasing 
element 2850. 

[00132] Figure 29 is a cross-sectional view of a stimulation apparatus 2900 

having a biasing element 2950 in accordance with another embodiment of the 
invention. The stimulation apparatus 2900 can have a support member 2910 
including an internal passageway 2912 and a diaphragm 2914. The biasing 
element 2950 can include a flexible bladder 2952 attached to the support 
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member 2910, and the electrodes 2560 can be attached to the flexible 
bladder 2952. In operation, the flexible bladder 2952 is filled with a fluid 2954 
until the electrodes 2560 press against the stimulation site. In one 
embodiment, the flexible bladder 2952 is filled by inserting a needle of a 
syringe 2956 through the diaphragm 2914 and injecting the fluid 2954 into the 
internal passageway 2912 and the flexible bladder. 

[00133] Figure 30 is a cross-sectional view of a stimulation apparatus 3000 

having a biasing element 3050 in accordance with another embodiment of the 
invention. In this embodiment, the biasing element 3050 is a spring and the 
electrodes 2560 are attached to the spring. The biasing element 3050 can be 
a wave spring, a leaf spring, or any other suitable spring that can 
mechanically bias the electrodes 2560 against the stimulation site. 

[00134] Although several embodiments of the stimulation apparatus shown in 

Figures 25-30 can have a biasing element and any of the pulse systems set 
forth above with respect to Figures 6-13, it is not necessary to have a pulse 
system contained within the support member. Therefore, certain 
embodiments of implantable stimulation apparatus in accordance with the 
invention can have a pulse system and/or a biasing member in any 
combination of the embodiments set forth above with respect to Figures 6-30. 

5 - Implantable Stimulation Apparatus with External 
Pulse Systems 



[00135] 



Figures 31-35 are schematic cross-sectional views of various 
embodiments of implantable stimulation apparatus having external pulse 
systems. Figure 31, more specifically, illustrates an embodiment of a 
stimulation apparatus 3100 having a biasing element 3150 to which a plurality 
of electrodes 3160 are attached in a manner similar to the stimulation 
apparatus described above with reference to Figures 25-30. It will be 
appreciated that the stimulation apparatus 3100 may not include the biasing 
element 3150. The stimulation apparatus 3100 can also include an external 
receptacle 3120 having an electrical socket 3122 and an implanted lead line 
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3124 coupling the electrodes 3160 to contacts (not shown) in the socket 
3122. The lead line 3124 can be implanted in a subcutaneous tunnel or other 
passageway in a manner known to a person skilled and art. 
[00136] The stimulation apparatus 3100, however, does not have an internal 

pulse system carried by the portion of the device that is implanted in the skull 
700 of the patient 500. The stimulation apparatus 3100 receives electrical 
pulses from an external pulse system 3130. The external pulse system 3130 
can have an electrical connector 3132 with a plurality of contacts 3134 
configured to engage the contacts within the receptacle 3120. The external 
pulse system 3130 can also have a power supply, controller, pulse generator, 
and pulse transmitter to generate the electrical pulses. In operation, the 
external pulse system 3130 sends electrical pulses to the stimulation 
apparatus 3100 via the connector 3132, the receptacle 3120, and the lead 
line 3124. 

[00137J Figures 32 and 33 illustrate an embodiment of a stimulation apparatus 

3200 for use with an external pulse system in accordance with another 
embodiment of the invention. Referring to Figure 33, the stimulation 
apparatus 3200 can include a support structure 3210 having a socket 3212, a 
plurality of contacts 3214 arranged in the socket 3212, and a diaphragm 3216 
covering the socket 3212. The stimulation apparatus 3200 can also include a 
biasing element 3250 and a plurality of electrodes 3260 attached to the 
biasing element 3250. Each electrode 3260 is directly coupled to one of the 
contacts 3214 within the support structure 3210. It will be appreciated that an 
alternative embodiment of the stimulation apparatus 3200 does not include 
the biasing element 3250. 

[00138] Referring to Figures 32 and 33 together, the stimulation apparatus 

3200 receives the electrical pulses from an external pulse system 3230 that 
has a power supply, controller, pulse generator, and pulse transmitter. The 
external pulse system 3230 can also include a plug 3232 having a needle 
3233 (Figure 33) and a plurality of contacts 3234 (Figure 33) arranged on the 
needle 3233 to contact the internal contacts 3214 in the socket 3212. In 
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operation, the needle 3233 is inserted into the socket 3212 to engage the 
contacts 3234 with the contacts 3214, and then the pulse system 3230 is 
activated to transmit electrical pulses to the electrodes 3260. 
[00139] Figures 34 and 35 illustrate additional embodiments of stimulation 

apparatus for use with external pulse systems. Figure 34 illustrates an 
embodiment of a stimulation apparatus 3400 having electrodes 3410 coupled 
to a lead line 3420 that extends under the scalp 702 of the patient 500. The 
lead line 3420 is coupled to an external pulse system 3450. Figure 35 
illustrates an embodiment of a stimulation apparatus 3500 having a support 
member 3510, electrodes 3512 coupled to the support member 3510, and an 
external receptacle 3520 mounted on the scalp 702. The external receptacle 
3520 can also be connected to the support member 3510. The external 
receptacle 3520 can have a socket 3522 with contacts (not shown) electrically 
coupled to the electrodes 3512. The stimulation apparatus 3500 can be used 
with the external pulse system 3130 described above with reference to Figure 
31 by inserting the plug 3132 into the socket 3522 until the contacts 3134 on 
the plug 3132 engage the contacts within the socket 3522. 

6. Alternate Embodiments of Implantable Stimulation 
Apparatus 

[00140] Figure 36 is a schematic cross-sectional view of an implantable 

stimulation apparatus 3600 in accordance with another embodiment of the 
invention. In one embodiment, the stimulation apparatus 3600 has a support 
structure 3610 and a plurality of electrodes 3620 coupled to the support 
structure 3610. The support structure 3610 can be configured to be 
implanted under the skull 700 between an interior surface 701 of the skull 700 
and the pial surface of the brain. The support structure 3610 can be a flexible 
or compressible body such that the electrodes 3620 contact the pia mater 708 
when the stimulation apparatus 3600 is implanted under the skull 700. In 
other embodiments, the support structure 3610 can position the electrodes 
3620 so that they are proximate to, but not touching, the pia mater 708. 
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[00141] In one embodiment, the stimulation apparatus 3600 can receive 

electrical pulses from an external controller 3630. For example, the external 
controller 3630 can be electrically coupled to the stimulation apparatus 3600 
by a lead line 3632 that passes through a hole 711 in the skull 700. In an 
alternative embodiment, the stimulation apparatus 3600 can include an 
integrated pulse system similar to the pulse systems described above with 
reference to Figures 6-13. Such an embodiment of the stimulation apparatus 
3600 can accordingly use a wireless external control unit. It will be 
appreciated that the electrodes 3620 of the stimulation apparatus 3600 can 
have several of the electrode configurations described above with reference 
to Figures 14-24. 

[00142] Figures 37 and 38 illustrate one embodiment of the implantable 

stimulation apparatus 3600. Referring to Figure 37, the support structure 
3610 can be a flexible substrate and the electrodes 3620 can be conductive 
elements that are printed onto the flexible substrate. The stimulation 
apparatus 3600, for example, can be manufactured in a manner similar to 
flexible printed circuit assemblies that are used in electrical components. The 
stimulation apparatus 3600 can be implanted under the skull 700 using an 
insertion tool 3700. In one embodiment, the insertion tool 3700 has a handle 
3702 and a shaft 3704 projecting from the handle 3702. The shaft 3704 can 
have a slot 3706 configured to receive a flat portion of the support member 
3610. Referring to Figure 38, the support member 3610 is wrapped around 
the shaft 3704, and then the stimulation apparatus 3600 is passed to a tube 
3720 positioned in the hole 711 through the scalp 700 and the dura mater 
706. After the stimulation apparatus 3600 has been passed through the tube 
3720, it is unfurled to place the electrodes 3620 at least proximate to the pia 
mater 708. The electrodes 3620 can be coupled to an external controller by 
the lead lines 3632. 

[00143] Figure 39 illustrates another embodiment of an implantable stimulation 

apparatus 3900 that is also configured to be positioned between the skull 700 
and the pia mater 708. In one embodiment, the stimulation apparatus 3900 
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can include a support member 3910 and a plurality of electrodes 3920 
coupled to the support member 3910. The electrodes 3920 can be coupled 
to individual lead lines 3922 to connect the electrodes 3920 to an external 
pulse system. In an alternative embodiment, an integrated pulse system 
3930 can be carried by the support member 3910 so that the electrodes 3920 
can be coupled directly to the integrated pulse system 3930 without external 
lead lines 3922. The support member 3910 can be a resiliently compressible 
member, an inflatable balloon-like device, or a substantially solid 
incompressible body. In the particular embodiment shown in Figure 39, the 
support member 3910 is an inflatable balloon-like device that carries the 
electrodes 3920. In operation, the stimulation apparatus 3900 is implanted by 
passing the distal end of the support member 3910 through the hole 711 in 
the skull 700 until the electrodes 3920 are positioned at a desired stimulation 
site. 

[00144] Figure 40 is a schematic illustration of a stimulation apparatus 4000 

together with an internal pulse system 4030 in accordance with another 
embodiment of the invention. The stimulation apparatus 4000 can include a 
support member 4010, a biasing element 4015 carried by the support 
member 4010, and a plurality of electrodes 4020 carried by the biasing 
element 4015. The internal pulse system 4030 can be similar to any of the 
integrated pulse systems described above with reference to Figures 6-13, but 
the internal pulse system 4030 is not an integrated pulse system because it is 
not carried by the housing 4010. The internal pulse system 4030 can be 
coupled to the electrodes 4020 by a cable 4034. In a typical application, the 
cable 4034 is implanted subcutaneously in a tunnel from a subclavicular 
region, along the back of the neck, and around the skull. The stimulation 
apparatus 4000 can also include any of the electrode configurations 
described above with reference to Figures 14-24. 

[00145] From the foregoing, it will be appreciated that specific embodiments of 

the invention have been described herein for purposes of illustration, but that 
various modifications may be made without deviating from the spirit and 
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scope of the invention. Accordingly, the invention is not limited except as by 
the appended claims. 
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CLAIMS 



1. A method of effectuating a neural-function of a patient 
associated with an impaired body part, comprising: 

selecting a stimulation site by (a) generating an intended neural activity 
by triggering a neural signal in or from an impaired body part, 
and (b) detecting a region of the brain in which a response 
neural activity occurs in reaction to the neural signal; 

positioning at least a first electrode at the stimulation site; and 

applying an electrical potential to pass a current through the first 
electrode. 



2. The method of claim 1 wherein triggering a neural signal 
comprises passively moving the impaired body part. 

3. The method of claim 1 wherein triggering a neural signal 
comprises passively moving the impaired body part via attaching the impaired 
body part to a passive motion machine that moves the impaired body part 
through a defined motion. 

4. The method of claim 1 wherein triggering a neural signal 
comprises applying an electrical stimulation to the impaired body part. 

5. The method of claim 1 wherein triggering a neural signal 
comprises applying an electrical stimulation to a nerve of the impaired body 
part. 
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6. A method of effectuating a neural-function of a patient 
associated with an impaired body part, comprising: 

selecting a stimulation site by (a) inducing an electrical signal that is 
expected to generate a response in neural activity associated 
with the impaired body part, and (b) detecting a parameter 
related to the response in the neural activity; 

positioning an electrode assembly at the stimulation site; and 

applying an electrical stimulation to the electrode. 

7. The method of claim 6 wherein inducing a neural signal 
comprises passively moving the impaired body part. 

8. The method of claim 6 wherein inducing a neural signal 
comprises passively moving the impaired body part by attaching the impaired 
body part to a passive motion machine that moves the impaired body part 
through a defined motion. 

9. The method of claim 6 wherein inducing a neural signal 
comprises applying an electrical stimulation to the impaired body part. 

10. The method of claim 6 wherein inducing a neural signal 
comprises applying an electrical stimulation to a nerve of the impaired body 
part. 

11. A method of effectuating a neural-function of a patient 
associated with an impaired body part that is incapable of volitional control, 
comprising: 

positioning an electrode assembly proximate to a region of the cortex 
of the patient where neural activity for motor control of the 
impaired body part is expected or determined to occur; 
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selecting a stimulation site in the region of the cortex by (a) applying an 
electrical stimulation to at least one configuration of electrodes, 
and (b) detecting the extent to which the applied electrical 
stimulation produces a response in the impaired body part; and 

applying an electrical stimulation therapy to the selected body part via 
the electrode assembly. 

12. The method of claim 11 wherein applying an electrical 
stimulation therapy comprises applying electrical stimulation to a configuration 
of the electrodes at a sub-threshold level. 

13. The method of claim 11 wherein applying an electrical 
stimulation to at least one configuration of electrodes comprises applying a 
supra-threshold level of stimulation. 

14. The method of claim 11 wherein applying an electrical 
stimulation to at least one configuration of electrodes comprises applying a 
sub-threshold level of stimulation. 

15. A method of effectuating a neural-function of a patient 
associated with an impaired body part, comprising: 

selecting a stimulation site by (a) generating an intended neural activity 
by triggering a neural signal in an impaired body part, and (b) 
detecting a region of the brain in which a response neural 
activity occurs in reaction to the neural signal; 

applying an electrical signal directly to the stimulation site effective to 
carry out the neural function. 

16. The method of claim 15 wherein triggering a neural signal 
comprises passively moving the impaired body p 
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17. The method of claim 15 wherein triggering a neural signal 
comprises passively moving the impaired body part via attaching the impaired 
body part to a passive motion machine that moves the impaired body part 
through a defined motion. 

18. The method of claim 15 wherein triggering a neural signal 
comprises applying an electrical stimulation to the impaired body part. 

19. The method of claim 15 wherein triggering a neural signal 
comprises applying an electrical stimulation to a nerve of the impaired body 
part. 

20. A method of effectuating a neural-function of a patient 
associated with an impaired body part, comprising: 

selecting a stimulation site by (a) inducing an electrical signal that is 
expected to generate a response in neural activity associated 
with the impaired body part, and (b) detecting a parameter 
related to the response in the neural activity; and 

applying an electrical signal directly to the stimulation site effective to 
carry out the neural function. 

21. The method of claim 20 wherein inducing a neural signal 
comprises passively moving the impaired body part. 

22. The method of claim 20 wherein inducing a neural signal 
comprises passively moving the impaired body part via attaching the impaired 
body part to a passive motion machine that moves the impaired body part 
through a defined motion. 

23. The method of claim 20 wherein inducing a neural signal 
comprises applying an electrical stimulation to the impaired body part. 
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24. The method of claim 20 wherein inducing a neural signal 
comprises applying an electrical stimulation to a nerve of the impaired body 
part. 

25. A method of selecting a stimulation site for applying an electrical 
stimulation to restore and/or enhance function of an impaired body part, 
comprising: 

generating an intended neural activity by triggering a neural signal in 

an impaired body part; and 
detecting a region of the brain where a response neural activity occurs 

in reaction to the neural signal. 

26. The method of claim 25 wherein triggering a neural signal 
comprises passively moving the impaired body part. 

27. The method of claim 25 wherein triggering a neural signal 
comprises passively moving the impaired body part by attaching the impaired 
body part to a passive motion machine that moves the impaired body part 
through a defined motion. 

28. The method of claim 25 wherein triggering a neural signal 
comprises applying an electrical stimulation to the impaired body part. 

29. The method of claim 25 wherein triggering a neural signal 
comprises applying an electrical stimulation to a nerve of the impaired body 
part. 
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30. A method of selecting a stimulation site for applying an electrical 
stimulation to restore and/or enhance function of an impaired body part, 
comprising: 

inducing an electrical signal that is expected to generate a response in 

neural activity associated with the impaired body part; and 
detecting a parameter related to the response in the neural activity, 

31. The method of claim 30 wherein inducing a neural signal 
comprises passively moving the impaired body part. 

32. The method of claim 30 wherein inducing a neural signal 
comprises passively moving the impaired body part by attaching the impaired 
body part to a passive motion machine that moves the impaired body part 
through a defined motion. 

33. The method of claim 30 wherein inducing a neural signal 
comprises applying an electrical stimulation to the impaired body part. 

34. The method of claim 30 wherein inducing a neural signal 
comprises applying an electrical stimulation to a nerve of the impaired body 
part. 
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^FADED TEXT OR DRAWING 
j^BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

J2ilEFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



